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Abstract 
Power ultrasound application on convective drying of foodstuffs may be considered an emergent technology. This work deals 
with the influence of power ultrasound on drying of natural materials addressing the kinetic as well as the product’s 
microstructure. Convective drying kinetics of orange peel slabs (thickness 5.95 ± 0.41 mm) were carried out at 40 °C and 1 m/s 
with (US) and without (AIR) power ultrasound  application. A diffusion model considering external resistance to mass transfer 
was considered to describe drying kinetics. Fresh, US and AIR dried samples were analyzed using Cryo-SEM. Results showed 
that drying kinetics of orange peel were significantly improved by the application of power ultrasound. From modeling, it was 
observed a significant (p<0.05) increase in both mass transfer coefficient and effective moisture diffusivity. The effects on mass 
transfer properties were confirmed from microestructural observations. In the cuticle surface, the pores were obstructed by wax
components scattering, which evidence the ultrasonic effects on the interfaces. The cells of the flavedo were compressed and 
large intercellular air spaces were generated in the albedo facilitating water transfer through it. 
PACS: *43.35.-c; 43.35.+d; *43.80.-n, 43.80.+p; 87.50.Y-; 68.35.Fx; 66.30.jj 
Keywords: dehydration,;microstructure; modeling; ultrasonic 
1. Introduction 
Orange juice industry generates great amount of orange peel during processing, which may constitute an 
environmental problem. Some orange peel components may present high interest due to their healthful properties. 
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The search of new uses for orange peel could contribute not only to reduce an environmental problem but also to 
obtain an economic benefit. Drying is considered a previous and necessary stage to extraction of natural products, 
the minimization of the energy costs and the degradation of interesting products is pretended.
Power ultrasound is a promising technology to be applied in hot air drying, reducing both energy use and drying
time [1]. In order to obtain a full development of this technology, it would be interesting to evaluate its effect in
product’s microstructure which may contribute to explain the influence of power ultrasound [2].
The main aim of this work was to determine the influence of power ultrasound on orange peel drying kinetics and
product’s microstructure.
2. Materials and Methods
2.1. Raw material
Orange fruits (Citrus sinensis var. Navel) were picked in Javea (Alicante, Spain). The peel was separated from
the pulp by hand and cut into slabs (thickness 5.95 ± 0.41 mm). Samples were wrapped in plastic films to avoid
moisture loss, and maintained at 4°C until processing. The initial moisture content of the orange peel was measured
by dehydration at 70 ºC and 800 mbar vacuum level until constant weight.
2.2. Drying experiments
Drying kinetics were carried out in a power ultrasound assisted convective drier already described in a previous
work [1]. The main parts are depicted in the scheme showed in Fig. 1. An air borne ultrasonic device constitutes the
drying chamber, which includes an aluminum vibrating cylinder (internal diameter 100 mm, height 310 mm and
thickness 10 mm) driven by a piezoelectric composite transducer (21.7 kHz).
Fig.1  Scheme of the ultrasonic drying system.
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The ultrasonic device is able to generate a high-intensity ultrasonic field in the medium (154.3 dB). The drier
operates in automatic; air temperature and velocity are controlled and a balance weights samples at preset times.
Hot air drying experiments (AIR) of orange peel slabs were carried out at constant air velocity and temperature, 1 
m/s and 40 ºC, respectively. Experiments assisted by power ultrasound (US) were carried out at the same
experimental conditions applying an electric power of 90 W to the ultrasonic transducer. AIR and US experiments
were carried out, at least, in triplicate. Experiments were extended until a sample weight loss of 70 % was reached.
2.3. Scanning electron microscopy of low temperature (Cryo SEM)
The microstructure of fresh, AIR and US dried samples was studied using Cryo-SEM [3]. In all the cases, the
analysis was carried out in sample’s surface and section. 
The experimental set-up for microstructure analysis involves a Cryostage CT-1500C (Oxford Instruments,
Witney, UK) coupled to a Jeol JSM-5410 scanning electron microscope (Jeol, Tokyo, Japan). Samples were
immersed in slush N2 (at -210 ºC) and then quickly transferred to the Cryostage at 1 kPa, where sample fracture took
place. The sublimation was carried out at -95 ºC and the final point was determined by direct observation in the
microscope (5 kV). Once again in the Cryostage unit, the sample was coated with gold using an ionization current of 
2 mA and applying vacuum (0.2 kPa) for 3 min. The observation in the scanning electron microscope was carried
out at 15 kV, at a working distance of 15 mm and at -130 ºC.
2.4. Modeling
A diffusion model applied to an infinite slab geometry was proposed to mathematically describe drying kinetics
of orange peel. The diffusion equation (1) was solved by considering the initial moisture content and temperature
uniform and the effective moisture diffusivity and sample volume constant during drying [1].
(1)
Where Wp is the local moisture content (d.b., kg w/kg dry matter), De is the average effective moisture diffusivity
(m2/s), t is the time (s) and x is the characteristic direction of the water transport.
The proposed model was solved by considering as boundary conditions the solid symmetry (equation 2) and the
water flux between solid surface and air (equation 3). 
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Where ȡds is the dry solid density (kg/m3), k is the mass transfer coefficient (kg w/m2/s) which determines the water
transfer rate from the solid surface to the air medium, Me is the air relative humidity of the air at equilibrium with the
surface of the material (points characterized by x coordinate equal to L) and Mair is the relative humidity of the hot
air.
The model was solved applying a numerical method (implicit finite differences). The whole volume was divided in a
finite number of nodes (15) separated by a constant distance (¨x=L/15). According to this method, the local
moisture in a node (Equation 4) is a function of the moisture content at the neighbour nodes, Wp(i+1,t) and Wp(i-1,t),
and at the same node at a previous time, Wp(i,t-¨t). Equation 4 may be simplified for each node by adequately
considering the boundary conditions (Equation 2 and 3).
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The numerical method provides a system of implicit equations to be solved. A series of functions were 
programmed in Matlab® 7.1 SP3 (The MathWorks, Inc., Natick, MA, USA) to solve it. The program provided both
the local moisture distribution inside the slab and the average moisture content of the solid (W, d.b.), as a function of
drying time, effective moisture diffusivity and mass transfer coefficient.
The program also fitted the model to AIR and US drying kinetics applying a nonlinear optimization method
(SIMPLEX). The values of the effective moisture diffusivity and mass transfer coefficient were jointly identified
minimizing the sum of the squared differences between the experimental and the calculated average moisture
content.
The percentages of explained variance were calculated in order to evaluate the fit of the model to experimental
data. For effective moisture diffusivity and mass transfer coefficient, the joint confidence intervals (p<0.05) were 
calculated in order to estimate the consistency of the simultaneous identification. Moreover, analysis of variance
(ANOVA) was carried out using Statgraphics® Plus 5.1 (StatPoint, Inc., Warrenton, VI, USA) to evaluate the effect 
of power ultrasound on effective moisture diffusivity and mass transfer coefficient.
3. Results and Discussion
3.1. Influence of ultrasound on mass transport
Orange peel presented an average moisture content of 2.89 ± 0.14 (d.b.), which was considered the critical
moisture content since only the falling rate period was observed. AIR and US drying kinetics of orange peel slabs
are shown in Figure 2.
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Fig.2  Experimental drying kinetics of orange peel 
Table 1. Influence of power ultrasound on kinetic parameters of diffusion model, drying time and energy consumption.
AIR US
De (m2/s) 4.04±0.44x10-9 6.13±0.94x10-9
k (kg water/m2/s) 1.17±0.05x10-3 2.43±0.19x10-3
Drying time (s) 18000 35000
Energy (kWh) 1.65 1.20
C. Ortun˜o et al. / Physics Procedia 3 (2010) 153–159 157
J.V. García-Pérez/ Physics Procedia 00 (2010) 000–000
US drying kinetics were faster than AIR ones. The application of power ultrasound provided an average
reduction in the drying time over 45 % (Table 1). This value was higher than those found in other products, such as
carrot or persimmon [1], and very similar to the experiments with lemon peel. From an industrial point of view, the
reduction of drying time may not only involve a higher production rate but also a significant energy saving.
According to the results found in this work and the experimental set-up used, the energy saving was close to 30 %
due to ultrasonic application (Table 1).
The diffusion model provided a good description of drying kinetics; the percentages of explained variance were,
in all the cases, higher than 99 %. Modeling permits not only to quantify the observed influence of power ultrasound
on drying kinetics but also to gain insight into the involved mass transport process. Ultrasonic application affected 
both, internal and external mass transport. Effective moisture diffusivity increased from 4.04x10-9 (AIR) to 6.13x10-
9 m2/s (US) (Table 1), which means a faster water movement through the solid under acoustic energy. Inner water 
transport may be mainly affected by alternative compressions and expansions produced in the material by acoustic
waves. In the case of mass transfer coefficient, an improvement from 1.17x10-3 (AIR) to 2.43x10-3 kg w/m2/s (US) 
was due to power ultrasound application. It represents a lower external resistance to water transfer and higher water
fluxes from the solid surface to air phase. All the effects produced by ultrasonic in interfaces may be responsible of 
the mass transfer coefficient improvement. Ultrasonic produce pressure variations, oscillating velocities and
microstreaming, these mechanisms reduce the boundary layer thickness and increase the water transfer to air phase.
Cryo-SEM observations pretend to gain insight into the microstructure of orange peel and reflect the effects
produced by power ultrasound during drying.
3.2. Influence of ultrasound on microstructure
The two main tissues considered in orange peel are flavedo and albedo. Flavedo constitutes the external layer of 
orange peel, while, albedo the internal one. Flavedo may be considered a compact structure with spherical or oval
cells and without intercellular spaces. It is covered by a waxen and thin layer, named cuticle, which protects the 
orange fruit from dehydration and other different external agents during growing.
A B C
Fig.3 Cuticle’s surface. A) Fresh orange, B) AIR dried and C) US dried.
The microstructural study reveals the existence of pores in the cuticle (Fig. 3-A) surrounded by ring shaped
waxen accumulations. Air drying scatters the wax components closing the pores and creating a waterproof barrier,
as a consequence, water transfer during drying should only occur through the albedo in these samples. Despite
scattering, ring shaped accumulations continued well defined in AIR dried samples (Fig. 3-B). However, in the case
of US experiments, it results complicated to distinguish the ring shaped structure around the pores (Fig. 3-C). The
aforementioned effects of power ultrasound on the interfaces are responsible of a more intense waxen compounds
scattering on the cuticle’s surface. These effects of ultrasound around the pores do not contribute to the 
improvement of mass transfer coefficient since the cuticle is considered a waterproof layer, although, they reveals a 
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very intense effect of ultrasound in the interfaces. It must be remarked that depending on the interfaces involved the
effects produced by ultrasounds will be different.
The ultrasonic effect was also observed in the albedo. The albedo is characterized in fresh samples by long 
tubular cells and large intercellular spaces (Fig. 4-A). In the case of AIR dried samples, albedo’s cellular tissue is
disrupted disappearing the tubular shape due to water removal (Fig. 4-B). Although, a more intense effect in the
structure was observed in US samples (Fig. 4-C). The cellular structure seemed to be more compressed, almost
destroyed, and large air intercellular spaces were found creating a high porous material that facilitates water 
movement. The alternative expansions and compressions produced by ultrasound waves in the material are the
responsible of the cellular tissue degradation. This effect is named “sponge effect” [1] since it bears a resemblance
when a sponge is compressed and released. The acoustic wave acts repeatedly over the cell facilitating water 
removal and affecting cellular structure.
A B C
Fig.4 Albedo’s section. A) Fresh orange, B) AIR dried and C) US dried
4. Conclusions
Water transport during hot air drying of orange peel was improved by ultrasonic application. The effects of
ultrasound on drying were quantified from modeling and confirmed from the microstructural analysis. The 
ultrasonic effects on the interfaces were observed on a high scattering of cuticle’s waxen compounds, while, the 
effects on the internal mass transport were observed on the high degradation of albedo’s cellular tissue.
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